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Abstract 
The purpose of the investigation is to find the configuration of perforated baffle providing maximal liquid oscillations damping 
and minimal equivalent stresses in the road tank reservoir. The computational results showed that the maximal liquid energy 
dissipation corresponds to the 18–22 cm perforation hole size and the area of holes should be 30–50% of the baffle area. 
Performed analysis showed that minimal stresses appear in the perforated partition of a convex shape with large radius of 
curvature at the central part and a much smaller radius in the area of connection to the tank shell. 
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1. Introduction 
A moving road tanker with liquid cargo is a complex dynamic system and special attention should be paid to the 
relative displacement of liquid cargo, which can lead to loss of stability and controllability of the car. Various 
authors determined that perforated partitions provide the best efficiency of damping.  
Earlier investigations devoted to the small oscillations of liquid with a free surface (Romero et al. 2006; La Rocca 
et al. 2005; Komornik et al. 2004) have shown that they can be applied for the models of vehicles based on 
equivalent mechanical model with a concentrated mass elastically connected to the tank body. This model does not 
consider damping of vibrations caused by wave dispersion and liquid viscosity. So it can be used at analyzing of the 
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reservoir consisting of one or several separate compartments of regular geometric shape. The authors of work 
(Dodge 2000) note that the dissipative forces must also be taken into account in the calculation schemes, but the 
investigators also offer to determine these forces experimentally for each case. 
The analyzed scheme is shown in Fig. 1. Here the interaction force Fed between the liquid cargo and the wall is 
represented as a sum of the elastic and dissipative component of the interaction force (it is the main difference of the 
created model in comparison with the existing ones): 
k
ed cssF += &α ,   (1) 
where c, k – constant coefficients determined by the shape of the tank and the filling level; α – coefficient, kg/s; we 
introduced this coefficient to consider the presence of baffles in the road reservoir; s – deformation of the elastic 
connection, m; 
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Fig. 1. Scheme of the tank with liquid cargo. 
Frictional forces appear due to the action of the automobile brakes. Moreover, the wheels can move with slipping 
and without it. So, the determination of resultant friction force between the tires and the road Ffr should consider this 
fact. Maximal grip forces between wheels and road at movement without slipping correspond to the application of 
maximal braking torque Mbr on the wheel axles which is mentioned in the technical characteristics of the car's 
chassis brakes. The dynamic equation of rotation of a single wheel 
brfrcz MRFJ −=ε ,  (2) 
where R – tire radius, m. 
The braking torque Mbr appears due to the friction between the brake discs and wheels. Frictional forces between 
the brake disc and wheel were not considered in calculations because the multiplication of moment wheel inertia J 
and angular acceleration ε is less then 1,5% of maximum braking torque applied to the wheel. At sharp pressing the 
wheel brakes the maximal braking torque appears and can cause the situation the wheel is not rotated relative to the 
brake disk and road or the slip phenomenon and the friction force Ffr should be calculated by the standard formula. 
In the article (Kuzniatsova 2014) we have found that the coefficients α, s and k have little effect on the braking 
distance value and the velocity of the road tank. The braking distance change does not exceed 1% for k = 0.3…3 and 
α = 1000…20 000 kg / s. 
At the same time, the calculations showed that for small values of α (this fact corresponds to tank without baffles), 
there is an alternation of friction with and without sliding (Fig. 2, a).This can cause losses of car controllability and 
overturning. When the coefficient α increases there is a smooth change of friction forces (Fig. 2, b, c). The increase of α 
can be achieved by setting the internal baffles. 
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Fig. 2. The dependence of the friction force between the front axle wheels and the road on time for  
a) α = 2000 kg/s; b) α = 5000 kg/s; c) α = 20 000 kg/s. 
Thus, the performed analysis confirms that there is a need of transverse baffles installation to ensure tank 
controllability at emergency braking. These partitions allow to damp liquid cargo oscillations quickly or to ensure 
the best possible liquid cargo energy dissipation. 
This result corresponds to the mentioned in the literature recommendations of using transverse perforated 
partitions. However, the optimal partition configuration and perforations size providing construction strength and 
stiffness haven’t been determined yet. So, the main purpose of the presented investigation is to find the 
configuration of perforated baffle providing maximal liquid oscillations damping and minimal stresses in the road 
tank reservoir. 
2. Dynamic equations for liquid cargo movement 
The full account of the phenomena occurring during transient driving modes of the road tank requires to use the 
model of liquid as a continuous liquid. 
As hydrodynamic pressures for the considered in this paper problems don’t reach significant values, liquids are 
considered to be incompressible. 
General relations characterizing the liquid cargo oscillations in the tank reservoir are valid for both Newtonian 
and non-Newtonian fluids and include such dynamic equations per mass unit, as the equation of mass and energy 
conservation. They have the following form (Anderson et al. 1984): 
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where u, v, w – projections of the fluid particle velocity vector on x, y, z axes, m/s2; Fx, Fy, Fz – projections of the 
external volume (mass) forces, N/m3; ρ – liquid density, kg/m3; p – isotropic stress (pressure), Pa; τij – components 
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of the stress tensor, Pa; Cp – specific heat at constant liquid pressure, J/(kg·K); T – liquid temperature, K; 
t
Q
∂
∂
 – specific 
rate of external heat sources, J/(kg·s); kТ – thermal conductivity, W/(m·K); Фd – part of the mechanical energy turning 
into heat per time unit, J/(kg·s); μ  – dynamic viscosity coefficient, Pa·s. 
Shear adhesion forces between particles of real liquids at their movement fluid are characterized by liquid cargo 
internal friction or viscosity. Earlier investigations on the tanks dynamics were performed only for the Newtonian 
liquid. Shear stresses between the particles of the Newtonian liquid are directly proportional to the relative velocity 
of its layers movement and depend on the liquid type: 
γμ
nd
vd
μτ &r
r
== ,  (4) 
where vr  – full velocity vector, m/s; nr  – unit vector in the direction perpendicular to the liquid stream flow; γ&  – 
shear rate, s–1. 
For the non-Newtonian liquids the τ ( γ& ) dependence is not directly proportional. For oil solutions and polymer 
melts, suspensions, paints, honey, treacle and etc. the stresses depend on the flow rate non linearly. The Ostwald de 
Waele power law is used to describe such liquids at their modelling. According to the law the dynamic viscosity of 
liquid cargo is:  
,)( 1-lnKμ γλ &=
   (5) 
where K – consistent viscosity (flow rate density), Pa·s; nl – indicator of liquid behavior (for pseudoplastic liquids 
nl < 1, for the Newtonian liquids nl = 1, for dilatant ones nl > 1); λ – time constant, s. 
According to the rheological properties such visco-plastic liquids as drilling muds, oil paints and others are the 
Bingham ones. Their flow starts after the initial shear stress exceeds the yield stress. After the start of the flow liquid 
behavior corresponds to the Newtonian model. Shear stress and rate depend on each other in the following way: 
00
ττ, γμττ
ρ
>=− & ,  (6) 
where μρ – plastic viscosity of non-Newtonian liquids (shear factor), Pa·s; τ0 – initial shear stress (for Newtonian 
liquids τ0 = 0), Pa; for example, for pure concrete mixtures it is close to 2 Pa. 
When viscous incompressible liquid interacts with solid surfaces there should be performed the condition of non- 
penetration through solid walls vn = 0, adhesion of the viscous liquid particles vτ = 0 and liquid free surface at the 
air-liquid cargo interface. 
When the automobile moves its vertical oscillations always appear and are a constant source of eddies in 
transported liquid or are the artificial turbulizers. Besides at emergency braking and acceleration of the road tank 
causes the impact between the liquid cargo the tank walls and between the liquid and damping devices. This fact is 
also the reason of the appearance of eddies. General criterion of turbulence in fluid mechanics is the Reynolds 
number (Anderson et al. 1984):  
υ
vL
=Re , (7) 
where υ – kinematic viscosity of liquid, m2/s; L – the characteristic dimension of the flow, m. 
For the analyzed transport tanks the characteristic dimension L corresponds to the tank width or 2 m. The relative 
liquid cargo velocity is equal to 10 m/s. Then for water at 20 °С (υ = 0.01 cm2/s) and viscous bitumen 
(υ = 60 cm2/s), for example, Reynolds numbers are 
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7100.2Re ⋅=w , 
3103.3Re ⋅=b , 
and exceed critical value. Therefore, all computations of liquid cargo oscillations at tank non-stationary movement 
modes were carried out taking into account the turbulent motion  
The performed analysis showed that for the considered problems of liquid movements in tanks it is more preferable to 
use a two-parameter k – ε turbulence model (Lapin 2004). It presupposes the solution of two additional equations: for the 
turbulent kinetic energy k и liquid energy dissipation rate ε of each finite element every timestep. 
3. Main computational results 
To solve the equations (3) the ANSYS CFX software package was applied. To create a finite element model it 
was required to determine the rational size of finite element mesh to obtain the solution with sufficient accuracy in 
an acceptable time period. The general method of error estimation at numerical calculations has not been proposed 
in the literature yet. It can be explained by the fact that nowadays the exact solutions of the real problems are usually 
unknown. The errors of solution discretization are less when the size of the finite element decreases, but too detailed 
finite element mesh leads to the accumulation of rounding errors. These errors become especially significant if the 
finite elements are overstretched or the angles values are close to 0 or 180 degrees. Also the size of finite element 
mesh influences significantly the computational time: for more detailed mesh the time of computations is longer and 
the requirements for computer processors are higher. Therefore it is recommended to perform several simulations 
for different model discretization to determine the accuracy of computations relatively to the selected number of 
finite elements. 
In order to analyze the influence of the finite element mesh size on the accuracy and duration of numerical solutions 
process there were performed the computations for tank models with and without partitions with different number of 
tetrahedral finite elements. In the areas of partition the finite element mesh was more detailed to obtain more accurate 
solution. When the number of finite elements increases the hydrodynamic pressure values, liquid energy dissipation 
rate, the summarized energy dissipation depend on time by the same law. 
The carried out simulations have shown that, for example, for the average finite element volume value of the 
2.0·104 m3 (the model of reservoir without partition; consisted of 64 800 finite elements) the numerical values of the 
average density of each finite element changed to 0.1–18%. The values of maximal and average pressures differ in 
1.1–2.3 times in the first 0.3 seconds after the start of braking in the comparison with the numerical values obtained 
for a model consisting of 181 278 finite elements with 0.7·10–4 m  average volume of finite element. This fact can be 
explained by the presence of cargo-tank impact at the start of braking. After 0.3 seconds after braking the difference 
in pressure values for models with various finite element sizes is not more than 6.2%. As for the summarized liquid 
energy dissipation values they difference is not more than 3.6% for the first oscillation cycle of liquid cargo. This 
fact indicates a sufficiently high results convergence for the models of tanks without baffles at liquid transporting 
consisting of different number of finite elements. 
The energy dissipation rate and total energy dissipation of liquid cargo oscillations in tank with perforated baffle 
are slightly different (3–10 ) in the period up to 0.5 seconds after starting braking, but then the difference is not 
greater than 3% for 40 000–450 000 finite elements. The value of liquid total energy dissipation for the first liquid 
oscillations cycle lasting about 1.25 seconds differ by less than 4% (Fig. 3). 
The performed analysis allowed to make recommendations about finite element mesh size. For the problems of 
liquid sloshing in road tanks of 2–12 m3 volume with and without transverse baffles at automobile braking it is 
enough to use the finite element mesh with 50 000–200 000 total number of elements to determine liquid cargo 
energy dissipation with sufficient accuracy. 
The existing differences in the properties of transported liquids due to their rheological properties became a base 
of additional analysis including the influence of the named properties on the values of hydrodynamic pressure in the 
road tank reservoir and liquid energy dissipation. The simulations were performed for the sloshing of liquid cargo 
described by and de Waele, Bingham and Newtonian models. The transported liquids had the same density of 
967 kg/m3 and the same dynamic viscosity μ0 = 0.1 Pa·s at the initial time.  
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Fig. 3. The summarized energy dissipation of liquid cargo transported in tank with perforated baffle (seven holes of 20 cm diameter). 
The carried out computations have shown that the flow of liquid (ρ = 967 kg/m3) on the end wall and the 
detachment from the cylindrical inner surface is almost the same. The maximal values of the hydrodynamic pressure 
in the reservoir are for the Newtonian model (1.14 MPa) and they are 2.9% higher than the values obtained for the 
non-Newtonian models. The difference in hydrodynamic pressure between the results for both non-Newtonian 
model was less than 0.3%. 
Analysis results also showed that the liquid energy dissipation for three different models differs. The maximal 
values were obtained for the Bingham model and they are twice more in comparison with the Newtonian and de 
Waele models. At the same time the energy dissipation values for the last named models differ by less than 10 % for 
one cycle of liquid cargo oscillations. 
The simulation results for the water (Newtonian liquid, ρ = 997 kg/m3), concrete mixture (Bingham liquid ρ = 
2000 kg/m3) and heavy oil (model de Vale for nj = 1.5; ρ = 967 kg/m3) sloshing in the road tank reservoir without 
baffles shown that the position of Bingham liquid in the reservoir over time is slightly different then the position of 
water free surface (Putsiata et al. 2014). The water (Newtonian model) and heavy oil (model of de Waele) 
oscillations occur with higher relative velocities in comparison with the concrete mixture (Bingham model). The 
pressure distribution in the reservoir for the non-Newtonian models changes compared with the Newtonian model. 
Bingham liquid pressures were higher due to its higher density. For the Newtonian liquid cargoes the values of 
hydrodynamic pressures in the reservoir are approximately proportional to the density, whereas viscosity has almost 
no effect on their values (Shimanovsky et al. 2011). The calculations showed that the same relations are also for the 
non-Newtonian liquids. 
Analysis of the maximal hydrodynamic pressures in the tank for one of the worst filling level (60%) at vehicle 
braking showed that installation of the perforated partition allows to reduce the pressures in 1.3–4.5 times. For 
example, in the case of perforated partition with 5 cm holes diameter the maximal pressures 27.2% decreases. If the 
holes diameter is close to 20 cm the maximal hydrodynamic pressures are 4.5 times less in comparison with the 
solid baffle, separating the tank into two compartments. The most stressed points are the lower and the higher parts 
of the end wall and the partition. The computational results demonstrated that the end wall in the direction of road 
tank movement can be up to 40% more pressed compared with the partition shell. 
4. Determination of transverse perforated partition rational configuration 
To ensure the best dynamic characteristics of a road tank is it necessary according to the paragraph 1 to increase 
the damping coefficient α or to obtain the partition configuration providing maximal liquid energy dissipation. On 
the other hand, this partition should provide sufficient strength to the tank structure. 
The greatest damping efficiency takes place using perforated partitions (Fig. 4). The computational results 
allowed to obtain the dependence between summarized liquid energy dissipation and size of perforation holes 
(Fig. 5). The dependence shows that the best liquid cargo oscillations damping is ensured using perforated baffle 
with perforations size of 18–22 cm for the tank of 2 m diameter and 4 m length and 60% filling level of the 
reservoir. 
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The effect of the perforations presence appears when the area of holes is greater than 30% of the partition area. A 
further increase in the area of holes leads to the slight energy dissipation increase. 
The rational configuration was considered to have minimal values of maximal equivalent stresses in the construction 
under liquid cargo loading. The genetic algorithm in canonical form was used as a problem solving method. 
 
        
 Fig. 4. The position of water free surface in the tank with perforated  Fig. 5. The dependence of the summarized liquid energy 
 partition (the perforation diameter is 15 cm) after 0.07 s braking. dissipation on the perforation holes diameter. 
Operating experience of road tanks with internal baffles shows that the cracks in the connection tank shell and the 
baffle area appear over time. This fact indicates that stress values exceed the fatigue limit of the material. 
The partition body should have a shape of revolution and thickness identical with the shell of the tank. Depth of 
the partition should be not less than 100 mm according to the Standard (GOST 50913–96. 1996, GOST 9218-86. 
2001). 
So the road tank reservoir with installed perforated partition was taken as a computational scheme for 
determining the rational partition configuration. The internal partition is a solid body with holes of the same 
diameter uniformly distributed over the area of the partition. The problem was to determine the coordinates xk  
(k = 1…8) of points 1–8 with yk-1–yk = const (Fig. 6). 
The problem of determining the rational perforated baffle configuration was solved using genetic algorithm 
(Gladkov 2006.), offered by George. Holland. To solve the optimization problem it was created the initial array of 
genes on the base of the partition points coordinates (0≤ xk ≤100 mm). In order to determine the coordinates with 
1 mm accuracy within considered for each point interval of 27 = 128 possible positions with a constant step. 
Then, the sets of chromosomes were created by genes. These sets determined the configuration of the partition. 
Points 0…9 were connected by a smooth curve using cubic splines, and then the partition shell was formed by the 
curve rotating about the Ox axis. Then, there were performed the computations for the stress-strain state of the 
resulting structure configuration under the action of hydrodynamic pressure loads, found as a result of finite element 
modeling of the fluid oscillations in the tank with a perforated baffle. 
 
                            
 Fig. 6. Control points. Fig. 7. Stresses (MPa) in the perforated baffle of convex form with perforation holes diameter of 20 cm. 
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The dependence of the maximal structure stresses on the xk  location was considered as the objective function to 
be minimized. In accordance with the algorithm described in (Gladkov 2006), there were selected the genes, the best 
way satisfying the objective function. Thus, the required baffle configuration was obtained by 30 iterations despite 
the 256 possible solutions, managed to get the desired shape septum. 
The results of performed analysis showed that minimal stresses appear in the perforated partition of a convex 
shape with large radius of curvature at the central part and a much smaller radius in the area of connection to the 
tank shell (Fig. 7). The values of equivalent stresses never exceed the yield strength of the structural steel, so the 
structural strength requirements are fulfilled. 
The proposed solution allows to reduce the stresses in the baffle and in the shell of the road tank. Practical 
application of the development will increase the competitiveness of tanks and extend their operation term. 
5. Conclusions 
1. The results of earlier carried out investigations demonstrated that the best way to increase the safety of road 
tanker movement is to install lateral perforated baffles inside the reservoir. The presented paper shows 
advanced analysis results for baffle configuration optimization.  
2. The performed analysis of liquid oscillations in the road tank reservoir allowed to make recommendations for 
the similar finite element analysis.  
3. It was determined that liquid energy dissipation in the reservoir of 4 m length and 2 m diameter is maximal 
when the perforation holes diameter is 18–22 cm. In this case maximal hydrodynamic pressures in the tank are 
3.8–4.5 times less than for the tank with two separate compartments connected by solid baffle. 
4. The results of performed analysis showed that minimal stresses appear in the perforated partition of a convex 
shape with large radius of curvature at the central part and a much smaller radius in the area of connection to 
the tank shell. 
References 
Anderson, D. A.; Tannehill, J. C; Pletcher, R. H. 1984. Computational fluid mechanics and heat transfer. New York: McGraw-Hill. 599 p. 
Dodge, F. T. 2000. The new “Dynamic behavior of liquids in moving containers”. San Antonio, Texas: Southwest Research Institute. 195 p. 
Komornik, V.; Loreti, P.; Mazzini L. 2004. Null controllability of the free surface of a liquid in a container, SIAM Journal of Control 
Optimization 43(2): 685–696. 
La Rocca, M.; Sciortino, G.; Adduce C.; Boniforti, M. A. 2005. Experimental and theoretical investigation on the sloshing of a two-liquid system 
with free surface, Physics of Fluids 17: 062101-1–062101-17. 
Putsiata, A. V.; Shimanovsky A. O.; Kuzniatsova M. G. 2014. Modeling of Railway Tanks Stress-Strain Condition under Hydrodynamic Loading. 
Proceedings of the Second International Conference on Railway Technology: Research, Development and Maintenance, J. Pombo, (Editor), 
Civil-Comp Press, Stirlingshire, Scotland (Computer file): April 8–11, Ajaccio, Corsica, France. 13 p. 
Romero, J. A.; Ramirez, O.; Fortanell, J. M. et al. 2006. Analysis of lateral sloshing forces within road containers with high fill levels, 
Proceedings of the Institution of Mechanical Engineers, Part D: Journal of Automobile Engineering 220: 303–312. 
Гладков, Л. А. 2006. Генетические алгоритмы [Gladkov, L. A. Genetic algorithms]. Москва: Физматлит,. 320 с. 
ГОСТ 9218-86. 2001. Цистерны для пищевых жидкостей, устанавливаемые на автотранспортные средства. Общие технические 
условия (Road tankers for food liquids mounted on vehicles). 10 с. 
ГОСТ Р 50913–96. 1996 Автомобильные транспортные средства для транспортирования и заправки нефтепродуктов [Automobile 
transport vehicles designed for oil transporting and filling]. 19 с. 
Кузнецова, М. Г. 2014. Анализ влияния перемещения жидкого груза в резервуарах цистерн на кинематические и динамические 
параметры автомобиля при торможении [Kuzniatsova, M. G. Analysis of liquid cargo movement in road tanks reservoirs influence on the 
automobile kinematic and dynamic parameters at its braking], Актуальные вопросы машиноведения 3: 201–204. 
Лапин, Ю. В. 2004. Статистическая теория турбулентности (прошлое и настоящее – краткий очерк идей) [Lapin, Yu. V. Statistical theory 
of turbulence (past and present – a brief outline of ideas)], Научно технические ведомости 2: 7–20. 
Шимановский, А. О.; Кузнецова, М. Г.; Высоцкий М. С., Плескачевский Ю. М. 2011. Влияние физических свойств жидкостей на их 
перетекание в транспортном резервуаре при торможении цистерны [Effect of liquids physical properties on their oscillations in the 
road tank at automobile braking]. Механика – 2011: сб. науч. тр. V Белорусского конгресса по теорет. и прикладной механике, Минск, 
26–28 окт. 2011 г.: в 2 т. / Объедин. ин-т машиностроения НАН Беларуси. Т. I: 183–188. 
